Highlights d Isolation of PCT64, a PGT145-like, 25-aa CDRH3 HIV Env V2 apex bnAb lineage d Env glycoform heterogeneity plays a role in the lineage precursor B cell activation d Localized diversity at key V2 epitope residues drove bnAb maturation toward breadth d Env evolution pattern is similar to CAP256, another V2 apex broad neutralizer SUMMARY Understanding how broadly neutralizing antibodies (bnAbs) to HIV envelope (Env) develop during natural infection can help guide the rational design of an HIV vaccine. Here, we described a bnAb lineage targeting the Env V2 apex and the Ab-Env co-evolution that led to development of neutralization breadth. The lineage Abs bore an anionic heavy chain complementarity-determining region 3 (CDRH3) of 25 amino acids, among the shortest known for this class of Abs, and achieved breadth with only 10% nucleotide somatic hypermutation and no insertions or deletions. The data suggested a role for Env glycoform heterogeneity in the activation of the lineage germline B cell. Finally, we showed that localized diversity at key V2 epitope residues drove bnAb maturation toward breadth, mirroring the Env evolution pattern described for another donor who developed V2apex targeting bnAbs. Overall, these findings suggest potential strategies for vaccine approaches based on germline-targeting and serial immunogen design.
In Brief
Understanding the molecular basis of HIV Env-specific broadly neutralizing antibodies (bnAbs) development is key for vaccine design. Landais et al. find that glycan heterogeneity played a role in the activation of V2 apex PCT64 bnAbs precursor and that viral evolution was similar to CAP256, another donor with V2 apex bnAbs.
INTRODUCTION
Elicitation of broadly neutralizing antibodies (bnAbs), i.e., those capable of neutralizing a large fraction of global HIV-1 isolates, is thought to be highly desirable for development of an effective HIV-1 vaccine (reviewed in Burton et al., 2012; Fauci and Marston, 2014) . However, this goal has yet to be achieved by a vaccine candidate. During natural HIV infection, a small fraction of individuals (up to 10%) develop broad and potent Ab responses (Doria-Rose et al., 2010; Gray et al., 2007; Hraber et al., 2014; Rusert et al., 2016; Simek et al., 2009; van Gils et al., 2009) . BnAbs isolated from these individuals target at least five conserved epitope regions on Env: the V3-high mannose patch, V2-apex, CD4 binding site (CD4bs), the membrane proximal external region (MPER), and gp120-gp41 interface, including the fusion peptide (Burton and Hangartner, 2016; Kong et al., 2016) . In many cases, HIV-1 bnAbs have unusual features such as long heavy chain Figure 1 . Functional Screening Identifies a New V2-Apex Specific Broadly Neutralizing Antibody Lineage (A) Longitudinal plasma samples from donor PC64 were tested for neutralization against heterologous pseudoviruses. The percent of viruses neutralized (> 50% inhibition of infectivity at the lowest plasma dilution, 1:50) from a cross-clade (A, B, C) 37-virus panel is shown as shaded blue bars. Neutralization Inhibitory Dilution 50 (ID 50, plasma dilution giving 50% inhibition of infection) of PC64 longitudinal plasma samples against 92TH021 WT (black circles) and N160K mutant (legend continued on next page) complementarity-determining regions 3 (CDRH3s), high levels of somatic hypermutation (SHM), and insertions and deletions (indels) (Briney et al., 2012; Klein et al., 2013; Walker et al., 2011) . Thus, it is of great importance to understand to what extent these features are required for neutralization breadth.
The developmental pathways of only four bnAb lineages and their interplay with Env have been described to date; these lineages target the CD4bs (Bonsignori et al., 2016; Gao et al., 2014; Liao et al., 2013) , V2-apex Doria-Rose et al., 2015; , and V3-high mannose patch (Bonsignori et al., 2017; MacLeod et al., 2016) . These studies demonstrated how key changes in autologous viral Env at specific times during Ab development appeared to be critical for driving the emergence of breadth and potency. Nevertheless, our knowledge of bnAb elicitation during natural infection remains severely limited. In particular, it is necessary to study Ab developmental pathways in a variety of individuals that share the same broad antibody specificity, as similarities among responses in different donors in the co-evolution of Ab and Env, or in the nature of the Env that triggered broad lineages, might reveal promising paths for immunogen design.
BnAbs targeting the V2-apex, such as PG9/16, PGT145/ PGDM1400, and CAP256-25, are detected in $10%-15% of individuals who develop bnAb responses (Doria-Rose et al., 2017; Rusert et al., 2016) and are among the most potent and broad HIV-1 neutralizing Abs isolated to date Sok et al., 2014; Walker et al., 2011; . Although most V2-apex bnAbs appear to share important structural features (Andrabi et al., 2015; Doria-Rose et al., 2014; Gorman et al., 2016; Pejchal et al., 2011; Sok et al., 2014) , it is not clear whether commonalities also arise in their development. Furthermore, a new V2-apex bnAb lineage that does not share such features was recently described (Cale et al., 2017) .
Here we report a longitudinal study of a V2-apex-targeting bnAb lineage, in the context of autologous virus evolution, in an African donor from the International AIDS Vaccine Initiative (IAVI) Protocol C cohort . Comparison of our findings with CAP256-VRC26 bnAbs targeting the same epitope revealed a common Env escape pathway Doria-Rose et al., 2015; . In addition, we demonstrated the role of glycoform heterogeneity in early precursor activation and illustrated which Ab structural features were associated with breadth acquisition. Overall, the data provide critical information for vaccine strategies to elicit V2apex bnAbs based on germline targeting and use of sequential immunogens.
RESULTS
Functional Screening Identifies PCT64, a 25-aa CDRH3 V2-apex bnAb Lineage Donor PC64 is an HIV-1 subtype A-infected individual with V2apex bnAb plasma responses as indicated by sensitivity to N160 glycan knockout . Peripheral blood mononuclear cells (PBMCs) collected at 13, 18, 24, 29, 35, and 46 months post infection (mpi) ( Figure 1A ) were used to isolate monoclonal antibodies (mAbs). Following isolation and activation of memory B cells, antibody-containing supernatants were screened for specific neutralizing activity using a highthroughput functional approach . Supernatant from month 18 (M18), M24, and M35 samples were screened on wild-type versus N160 glycan knockout viruses to identify V2-targeting bnAbs, while early M13 supernatants were tested against early M3 and M7 autologous viral clones to identify potentially related less-matured mAbs of narrower breadth and lower potency. We identified somatically related clusters of 42 heavy-chain (HC) sequences and 34 lightchain (LC) sequences (Figures 1B, S1A, Table S1 ) encoded by variable gene alleles V H 3-15*01/D H 3-3*01/J H 6*03 and Vk3-20*01/Jk3*01, respectively (Table 1) , with a relatively long CRDH3 of 25 amino acids (aa) containing several Tyr residues. The corresponding 33 mAbs isolated between 13 and 35 mpi defined the PCT64 lineage, ranging from 2.6% to 13.5% (V H +J H ) and 2.2% to 9.0% (V K +J K ) nucleotide mutation.
PCT64 Ab sensitivity to N160-glycan removal was confirmed by testing pseudoviruses in a functional screening assay (Table  S2 ). Neutralization of viruses produced in the presence of kifunensine was completely abrogated, while it was increased with swainsonine or in HEK293 cells lacking N-acetylglucosaminyltransferase I (293S GnTI À/À ), suggesting preferential binding to Man 5 GlcNAc 2 at position N156 and/or N160, and/or interference of neighboring hybrid or complex glycans (Behrens et al., 2016; Cale et al., 2017; Cao et al., 2017; Doores and Burton, 2010; Pancera et al., 2010; Panico et al., 2016) . Mapping of the epitope of PCT64 bnAbs using a panel of single Ala mutant JR-CSF pseudoviruses showed that mutation of residues 127, 165, 166, and 167 also knocked out neutralization, while mutation of the N156 PNGS and residue 171 dramatically reduced neutralization by PCT64 mAbs (Table S3 ). Mutation of residues distal from the epitope, but likely involved in trimer conformation, such as I307, I420, and I423 (located in hydrophobic pockets), also had a dramatic impact on neutralization, consistent with lack of binding of PCT64 mAbs to heterologous or autologous monomeric gp120s (Table S4 ). Together the data suggested a (red circles) pseudoviruses are plotted. The evolution of the viral load (green circles) in the plasma is also plotted. The time points at which PCT64 antibodies were isolated and env sequenced and/or cloned from plasma are indicated by corresponding symbols. The number (N) of PCT64 antibodies isolated and their range of somatic hypermutation frequency (%SHM) is also indicated. See also Table S1. (B) Evolutionary distance between the PCT64 mAbs is illustrated as a phylogeny for both heavy and light chain nucleotide sequences. (C) Mapping of the PCT64 epitope. Fold decrease in neutralization IC 50 of individual JR-CSF Ala mutants by PCT64-35G as compared to WT is color-coded as indicated and presented on the BG505 SOSIP.664 trimer structure based on HxB2 numbering and alignments. Data are representative of at least two independent experiments. See also Table S3 . (D) PCT64 mAbs characteristics. Heavy and light chain V-and J-gene nucleotide (nt) somatic mutation percentages, neutralization breadth (% virus neutralized at IC 50 <50 mg/mL) and potency (GeoMean IC 50 in mg/mL) on a 37-and 109-virus panel are tabulated and color-coded as indicated. See also Tables S1, S5, and S6. Data are representative of at least two independent experiments. (E) Comparison of PC64 plasma neutralization breadth and potency on the 109-virus panel subdivided by subtype, with that of a theoretical combination of PCT64 mAbs, color-coded as indicated. See also Tables S2, S4 , S7, and Figure S1A . quaternary V2-apex epitope close to the trimer 3-fold axis (Figure 1C) , similar to that of PG9 and PGT145. Overall, the PCT64 mAbs were not polyreactive or autoreactive by ELISA on compiled antigen panel (Wardemann et al., 2003) (Table S4) and by HEp2 (Human Epithelial type 2) cell staining (data not shown). Weak binding to histones was detected for a few PCT64 mAbs likely due to non-specific electrostatic interactions.
Heterologous neutralization by PCT64 mAbs was assessed on medium (N = 37) and large (N = 109) panels of pseudoviruses representing major genetic subtypes and circulating recombinant forms Seaman et al., 2010) (Tables  S5-S7 ). PCT64 Abs with < 8% nucleotide SHM (V H +J H ) did not neutralize any of the viruses tested, while the more mature PCT64 mAbs showed equivalent breadth and potency (Figure 1D,  Table S5 ), demonstrating: (1) in this lineage, relatively few mutations were necessary to acquire neutralization breadth, and (2) continued maturation over a certain level ($10% nucleotide SHM) did not greatly improve breadth nor potency. Except for subtype B viruses, the PCT64 mAbs recapitulated plasma neutralization breadth across subtypes ( Figure 1E , Table S6 ). PCT64 mAbs neutralized up to 29% (PCT64-35D) of all isolates with moderate potency (Figure 1D , Tables S6 and S7) , and up to 56% and 48% of subtype A and C viruses, respectively (up to 56% and 67% of subtype A and C viruses, respectively, as a theoretical combination of all PCT64 somatic variants). Early M13 PCT64 mAbs did not neutralize isolates that were previously identified as potential V2-apex bnAb germline-targeting immunogens (Andrabi et al., 2015; Gorman et al., 2016) , such as Q23 (A), WITO (B), ZM233 (C), T250 (AE), except for PCT64-13F and À13H that weakly neutralized Q23 (not shown).
Overall, the PCT64 Ab lineage, with a 25 aa HCDR3 and a moderate level of SHM, recognizes the Env trimer V2-apex with a neutralization pattern that is more subtype-restricted than PG9, PGT145/PGDM1400, CH02, or N90-VRC38 (Bonsignori et al., 2012; Cale et al., 2017) and similar to the CAP256-VRC26 mAbs .
PCT64 Lineage Ontogeny Identifies a Near-Germline Heavy-Chain Sequence and Reveals a Multi-Limb Maturation
To retrace the genetic development of the PCT64 antibody lineage, we performed next-generation sequencing (NGS) of the circulating immunoglubolin G-positive (IgG + ) B cell repertoire at 12 time points between 4 and 46 mpi. The PCT64 lineage was identified by homology with PCT64 mAbs. We first detected the PCT64 lineage at 10mpi, with a striking expansion at 10 and 13 mpi (Figure 2A ), similar to that seen in the development of a bnAb lineage targeting the V3-glycan supersite in another Protocol C donor (MacLeod et al., 2016) . At 18 mpi, the lineage had declined in frequency, with PCT64 sequences only rarely observed after 24 mpi. The rarity of the PCT64 lineage sequences after 24 mpi corresponded to a slowdown in lineage maturation ( Figure 2B ), a common feature of developing bnAb lineages (MacLeod et al., 2016; Sheng et al., 2016) . In contrast to our previous study showing divergence of nucleotide mutation and evolutionary distance during development of a bnAb lineage targeting the V3-glycan supersite (MacLeod et al., 2016) , a slowdown in PCT64 maturation was consistently observed when measuring lineage maturation either by percent nucleotide mutation or evolutionary distance from the V H inferred germline sequence (VH-infGL) ( Figure 2C ).
At 10 mpi, we identified a PCT64 HC sequence with very high germline sequence identity (99.4%), encoded by a fully germline V gene (V H 3-15*01) and a J gene (J H 6*03) containing only two nucleotide mutations ( Figure S2A ). This sequence was selected as the least mutated common ancestor for the HC (VH_LMCA). Additionally, inferred germline sequences were computed for the heavy chain (VH_infGL) and light chain (VK_infGL) by combining germline V(D)J genes with the N-addition region(s) of the least mutated sequence ( Figure S2A ). Phylogenetic analysis of the PCT64 lineage HC sequences ( Figure 2C ) revealed a highly branched maturation process, with multiple branches maturing independently after initial diversification early in development, consistent with previous reports of HIV bnAb development (Bonsignori et al., 2017; Doria-Rose et al., 2015; MacLeod et al., 2016; Sok et al., 2013) . PCT64 mAbs were clustered in two branches, both of which remained detectable by NGS until 35 mpi. The maturing branches (Limbs#1,2,4) differed mostly in CDRH2 and CDRH3 (Figure S2B) , where changes in the isolated mAb sequences appear to be concomitant with acquisition of breadth (Figures S1A and S1B). Little similarity was seen in the CDRH2 maturation pathways for each branch. However, in branches that persisted beyond M24 (Limbs#1 and 4), a DD motif in CDRH3 (highlighted in Figure S2B ), present in early sequences at positions 100G and 100H (Kabat numbering), changed to positions 100D and 100E usually by M18, effectively inverting the DD around Tyr 100F. Reversion of the DD shift completely abrogated neutralization (data not shown). This shift occurred independently in most maturing branches, suggesting strong selection pressure. In conclusion, PCT64 memory B cells first appeared in the periphery around 10 mpi and the lineage matured through 35 mpi, acquiring breadth via SHM mostly in CDRH2 and CDRH3.
PCT64-35B bnAb CDRH3 Is Sulfated and Adopts a PGT145-like Conformation
The crystal structure for Fab PCT64-35B (5FEH) at 3.1 Å resolution ( Figures S3A and S3B ), isolated at M35, showed that CDRH3 adopted a b-hairpin conformation ( Figure 3A ) that protruded above the other CDRs ( Figure 3B , S3C). The CDRH3 was rich in aromatic residues that contributed to its stability via a ladder-like stacking ( Figure 3A ). The two aspartate residues (Asp100D and Asp100E), and a tyrosine at the tip of CDRH3, projected $28 Å above the other CDRs. Despite the PCT64-35B CDRH3 having 8 fewer residues than PGT145 (McLellan et al., 2011), the vertical distance above the antibody surface to the CDRH3 tip was similar. Additionally, the overall arrangement of PCT64-35B CDRH3 was more similar to those from the PGT145/PDGM1400 lineage than to other V2-apex antibodies, such as PG9 and CAP256.03 (Doria-Rose et al., 2014) . However, superimposition of the variable regions of PCT64-35B and PGT145 revealed that the b-hairpins adopted radically different orientations relative to the rest of the Fab variable region ( Figure 3C ). The electrostatic surface of PCT64-35B ( Figure S3D ) highlighted the anionic character of the CDRH3, which was similar to CDRH3s in most antibodies targeting this epitope, and is thought to penetrate between the glycans that mask the epitope to contact the positively charged V1/V2 protein surface at the trimer apex. This contrasted with a recently described antibody from the N90-VRC38 lineage, N90-VRC38.01, which instead displays a short, ''non-protruding'' CDRH3 (16 aa) with near neutral charge (Cale et al., 2017) .
Tyrosine sulfation is also important for binding of bnAbs of this class (McLellan et al., 2011; Sok et al., 2014) . Despite being unable to confirm the presence of sulfation of Tyr100F in the crystal structure, electrospray mass spectrometry (ESI-MS) of the PCT64-35B Fab suggested at least one sulfotyrosine in the Fab ( Figure S3E ), which was consistent with computational predictions (Pan et al., 2014) ( Figure S3F ). There did not appear to be a relationship between increased somatic hypermutation and increased numbers of sulfated tyrosines.
Examination of the LMCA CDRH3 sequence revealed that some tyrosine and aspartic acid residues were present in the LMCA, although their positions differed from those in PCT64-35B CDRH3 ( Figure S1A ). As previously mentioned, the acquisition of heterologous neutralization in this branch of the lineage was concomitant with significant CDRH2 changes, accompanied by the acidic DD motif switching from one side to the other of the CDRH3 beta-hairpin tip (Figures 3D, S1). In another branch (Limb#5), the DD motif at the tip of CDRH3 did not change position, but PCT64-24D, the only mAb isolated through functional screening in this branch, acquired a 6nt/2aa deletion in CDRH2 (Figures S1A, S2B, Table S1 ). In contrast, in Limb#2, for which no mAbs was isolated, the CDRH3 DD motif switch was also found in association with a different CDRH2 SHM pattern, further showing that CDRH2 SHMs may have also been key to acquisition of breadth in this lineage. Overall, the position of the DD motif around the tip of CDRH3, together with mutations in CDRH2 and LC residues proximal to CDRH3 in PCT64 bnAbs ( Figure S3C ), suggested two possible mechanisms for breadth: mutations could alter the angle of the CDRH3 and change the residues that contact the trimer surface, or these mutations could increase the rigidity of the CDRH3, thereby enhancing neutralization.
Localized Diversity at Key V2 Apex Residues Drove PCT64 bnAb Maturation toward Breadth
To understand PCT64 Ab lineage maturation in response to the HIV-1 Env changes over time, we obtained both functional env clones using conventional amplification methods and full-length env NGS sequences (Figures 4, S4) (Laird Smith et al., 2016) from plasma samples collected at ten time points after infection (Figure 1A) . During the first three months of infection, env diversity was limited, increasing at around 6 mpi (Figures 4, S4) . The Most Recent Common Ancestor (MRCA) virus was thus defined as the consensus of M3 env sequences. We tested representative PC64 mAbs for pseudovirus neutralization of selected autologous envs.
M3 and M4 viruses were neutralized by the least matured M13 PCT64 mAbs, but most viruses at M7 had escaped M13 to M24 Abs, suggesting that the Ab lineage was elicited within the first 7 months of infection, before corresponding memory B cells in the periphery were detected (M10, Figure 2 ). In contrast, M35 Abs neutralized viruses up to 18 mpi, when the virus fully escaped the lineage ( Figure 5A , S5A). With increasing Ab maturation and breadth, potency against autologous viruses decreased, with the least mutated Abs being at least 10-fold more potent against M3 to M7 viruses than the broadest more mutated Abs against all M3 to M18 viruses (Figures 5A, S5A and S5B). Thus, for PCT64 Abs, maturation caught up with viral escape at the expense of potency. Sequence analysis of env clones with differential neutralization sensitivity to PCT64 mAbs suggested escape mutations arose at residues 166, 167 and 169 ( Figure 5A, S5C ), which were confirmed by mutational studies of autologous pseudovirus clones (Figures S5D and S5E) . As for heterologous viruses, autologous neutralization was strictly dependent on the N160 PNGS.
To more precisely understand the Ab-Env co-evolution that led to emergence of breadth, we selected representative infectious env clones and mutated them to recapitulate the dominant V2 epitope variants observed in the NGS data at each time point ( Figures 5B and 5C , S4, S5C). These ''immunotypes'' represented the diversity of combinations of amino acids for residues 160, 166, 167, 169, and 181 , where this latter position also appeared to be under selection pressure from the PCT64 lineage ( Figure S5C-S5E ). All immunotypes showed consistent neutralization sensitivity when introduced in different autologous clonal backgrounds ( Figure 5B ), suggesting that mutations outside of the epitope region had minimal impact on PCT64 lineage maturation. Mutations at positions 166, 167, and 169 appeared individually at first, and later in combination, as early as 7 mpi, abrogating neutralization by early PCT64 mAbs (Figures 5B, S5D and S5E), confirming early selective pressure by PCT64 Abs and thus initiation of the lineage prior to M7. Despite resistance to all tested contemporaneous and later PCT64 mAbs, 166S viral variants (immunotypes 3 and 4) disappeared by M18, and were replaced by 166R variants bearing 169I which were sensitive to late M35 PCT64 mAbs ( Figure 5B-C) . The non-persistence of these early seemingly full escape variants might be explained by pressure from Abs in the lineage that were not tested or not isolated, pressure from a putative helper lineage, or by an eventual strong fitness cost of 166S, which is not found in any subtype A Env sequences in the Los Alamos database. The I181L mutation appears to have only a moderate (legend on next page) role in escape. Within the epitope, position 169 sampled the most escape mutations (I, G, K, V, T, E) ( Figure S4C ), until the autologous virus finally entirely escaped the PCT64 lineage Abs through fixation of K166, leading to full escape, and E169, which did not confer additional resistance, but might be a compensatory mutation restoring viral fitness ( Figures 5B and  5C ). Little diversity is also found across HIV-1 subtypes at positions 166 and 167, as compared to 169 ( Figure S6A ). Along with the lack of persistence of 166S escape variants discussed above, this suggests an impact on fitness, possibly from a role of residues 166 and 167 in inter-protomer interactions and trimer stability (Guenaga et al., 2015) . Together, the data were similar to that observed in the CAP256 donor ( Figures  S6B and S6C ) and supported the hypothesis that dynamic localized diversity at residues 166, 167, and especially 169, progressively selected broader PCT64 Abs through waves of viral escape and Ab adaptation ( Figure 5C ).
PCT64 LMCA Ab Binds to Early Autologous Env Trimers Only When Devoid of Complex and Hybrid Glycans
To gain better insight into the elicitation of the PCT64 Ab lineage, the PCT64-infGL (VH_infGL+VK_InfGL) and PCT64-LMCA Abs (VH_LMCA+VK_InfGL) were tested against the PC64 pseudoviruses. We found that, in contrast to the CAP256 study (Doria-Rose et al., 2014) , the PCT64-LMCA and PCT64-infGL did not neutralize the MRCA ( Figure 6A ) or early viruses ( Figure 6B ), while PCT64-13C, the least mutated lineage mAb isolated, showed potent neutralizing activity against these early viruses.
In fact, only a subset of the SHM found in PCT64-13C, namely a CRDL3 SAR motif and L34 HC +D35 HC , was required for the PCT64-LMCA to potently neutralize the MRCA Env (Figure 6C , S1).
However, activation of a germline B cell depends on antigen binding and not on neutralization. As the PCT64 mAb epitope is quaternary, we thus aimed to test binding of the PCT64-LMCA to autologous trimers. We first assessed whether PC64 Env sequences could be made into soluble, native-like trimers when modified with SOSIP mutations and purified as described previously . Native-like trimers were successfully obtained for the following time points: M3, M4, M6, M13, and M18 ( Figure 6D , S7A-S7C). Reference-free 2D class averages revealed that the trimers all adopted native pre-fusion conformations and were, therefore, amenable for structural and antigenic studies. We obtained a 3D-reconstruction of the PC64-M4c054 SOSIP in complex with the autologous PCT64-13C at 13Å resolution (EMDB: 7089) showing clear V2-apex targeting and more diagonal angle of approach than PGT145 but with a similar 1Fab:1Trimer stoichiometry ( Figure 6E, S7D) .
Binding of PCT64 Abs to autologous SOSIP trimers was overall consistent with neutralization ( Figure 6F, S7E) . Indeed, PCT64-LMCA binding to all autologous SOSIP trimers was barely detectable, while Abs PCT64-35M and PCT64-35S bound to most Env trimers corresponding to neutralized autologous viruses. However, we noticed a few instances where the neutralization of the Env clone did not match binding to the corresponding SOSIP trimers (e.g.: PCT64-35S on M18c043, PG9 on M13c006, and PGT145 on M18c041) suggesting that binding did not always correlate with neutralization or that the PC64 SOSIPs were not completely reproducing the conformation or more likely the precise glycosylation status or distribution of glycoforms of the native trimers on the virus. The PCT64-LMCA binding on-rate to early autologous SOSIPs was substantially increased when the trimers were produced in 293S cells (GnTI À/À ) and therefore lacked hybrid and complex glycans and displayed an increased proportion of N-linked Man 5 GlcNAc and decreased Man 6-9 GlcNAc glycans (Doores and Burton, 2010) . The data suggested two hypotheses regarding the initial stimulation of the PCT64 lineage: (1) very weak binding to the UCA BCR was sufficient to activate the original naive B cell;
(2) due to glycan heterogeneity (Behrens et al., 2016; Cao et al., 2017; Panico et al., 2016) , sufficient Env with favorable glycoforms, i.e., with Man 5 GlcNAc or lack of hybrid or complex glycans at key sites, were present on the early viral spikes that activated the initial naïve B cell.
Higher-resolution structural studies of longitudinal PC64_Env trimers, unliganded and in complex with the PCT64 mAbs, will help elucidate the role of glycoforms and trimer apex flexibility and their impact on the PCT64 lineage maturation.
DISCUSSION
Recent publications offer hope that rational, structure-based HIV vaccine strategies, based on germline targeting followed by sequential immunizations with guide immunogens, might succeed (Briney et al., 2016b; Dosenovic et al., 2015; Escolano et al., 2016; Jardine et al., 2016; Steichen et al., 2016; Tian et al., 2016) . This reductionist approach would benefit from a deeper understanding of how Env-Ab coevolution leads to the 160, 166, 167, 169, 181) at several time points, with viral load in plasma (black). Neutralization potency of PCT64 mAbs presented in (B) against these immunotypes is shown as shades of blue, green, orange, and red for PCT64 mAbs isolated at 13, 18, 24, and 35 mpi, respectively. Antibody icons are colored by mpi, with the frequency of PCT64 HC sequences found in the periphery (Figure 2A) shown by icon size. GL: Germline. Development of V2 apex-directed heterologous plasma neutralization ( Figure 1A (legend continued on next page) emergence of bnAbs in HIV-infected individuals. Here we describe how Env evolution drove (and was driven by) the development of bnAbs targeting the V2-apex in a subtype A-infected donor from Africa. The Ab lineage represents the fifth family of bnAbs targeting this region of vulnerability and the second example of V2-apex bnAb ontogeny, enabling comparison with the CAP256-VRC26 lineage Doria-Rose et al., 2015; . Thus, the relatively early and rapid emergence of both V2-apex bnAb lineages (5 and 7 months respectively) during natural infection is encouraging from a vaccine perspective .
Although neither as broad nor as potent as some other members of the PG9-like family of bnAbs, the PCT64 bnAbs neutralize 50%-70% of subtype A and C viruses, with no indels, and only 10%-12% nucleotide SHM (a level that is achievable through vaccination). Furthermore, their CDRH3 loop is only 25aa long, among the shortest to date in this bnAb class (Cale et al., 2017) . The orientation of the b-hairpin component of the CDRH3, either parallel (PG9 and CAP256) or perpendicular (PGT145, PCT64) to the long axis of the Fab, appears to define two structural classes of V2-apex bnAbs, which contrast with the recently described N90-VRC38.01 bnAb lineage displaying a shorter and less protruding CDRH3. These two V2-apex bnAb classes show different dependency on the PCT64 immunotypes, suggesting discrete differences in their recognition of V2-apex strand C ( Figure S7B ). Defining the fine structural differences in epitope recognition of V2-apex bnAbs will likely be important for immunogen design. Overall, the characteristics of the PCT64 bnAbs, including the absence of significant auto-and poly-reactivity, suggest that PCT64-like bnAbs may be amenable to elicitation through vaccination, making this lineage valuable for design of germline-targeting and sequential immunogens.
Identification of the precise form of Env that activated the naïve B cell at the origin of the bnAb lineage is essential for germline-targeting vaccination strategies. In both PC64 and CAP256 lineages, the presence of N160-glycan, 166R and 169R/K appear to be critical features for activation of the relevant germline B cell. However, in contrast to the CAP256 lineage, the PCT64 LMCA Ab did not neutralize viruses pseudotyped with autologous Env contemporary with the lineage emergence, and bound very poorly to the corresponding soluble Env trimers. Our data suggest that, in the PC64 donor, glycan heterogeneity might have played an important role in PCT64 germline B cell activation through binding to Env trimer forms bearing, at key positions, Man 5 GlcNAc glycans (i.e., N160 and/or N156) or a lack of complex or hybrid glycans (N130, N133). Maturation might have allowed adaptation of PCT64 Abs to bind more predominant gly-coforms on Env comprising a higher proportion of Man 8-9 GlcNAc glycans or of hybrid to complex glycans (Behrens et al., 2016; Cao et al., 2017; Panico et al., 2016) . Therefore, GnTI À/À produced Env immunogens should be favored for germline-targeting strategies aiming at eliciting PCT64-like bnAbs. Understanding the variation of HIV-1 Env glycoforms during infection and their impact on the PCT64 bnAb lineage initiation and maturation might thus be critical for sequential immunogen design.
Following initial B cell activation, the PCT64 lineage underwent an early dramatic expansion followed by gradual contraction, as observed for other bnAb lineages (Bonsignori et al., 2017; Doria-Rose et al., 2015; Liao et al., 2013; MacLeod et al., 2016) and likely resulted from gradual replacement of neutralization-sensitive viral variants with resistant clones, reducing the availability of cognate antigens necessary to sustain maturation. Consistent with other bnAb lineage studies, we also observed a ''multi-limb'' evolution, with some branches stopping their maturation early (''dead-ends,'' Limbs#3,5,6) and others maturing further and eventually leading to bnAbs (Limbs#1,4). As identification of PCT64 mAbs was performed via functional screening, the clustering of the majority of isolated, mature mAbs into one branch of the lineage (limb#4) suggests that other maturing branches might essentially correspond to ''off-track'' Abs (i.e., with mostly autologous neutralization) . The fact that most Abs isolated using heterologous viruses tended to cluster, while less-matured Abs isolated using autologous viruses were more generally distributed across the PCT64 phylogeny, further supports this hypothesis.
The PCT64 lineage matured toward breadth in about 14 months, which is similar to the CAP256 lineage (20 months for CAP256-VRC26) . However, the two lineages seem to contrast in their evolution pattern with greater initial diversification of the PCT64 lineage. Indeed, from early time points, we observed multiple branches in the PCT64 bnAb lineage, two of which (Limbs#1,4) acquired neutralization breadth, coinciding with concomitant changes in CDRH2 and CDRH3. The mutations selected in response to viral escape might have resulted in substantial structural changes, possibly shifting the Ab angle of approach. Finally, the PCT64 lineage evolution appears to have mostly occurred at the expense of potency and differs from previously described bnAb lineages where SHM led to a concomitant increase of breadth and potency MacLeod et al., 2016; Sok et al., 2013) .
Escape pathways in the PC64 and CAP256 viruses were similar. In both, successive mutations at positions 166 and 169 appear to drive the selection of somatic hypermutations that were critical for breadth. Adaptation of Abs to the 166K mutation, which was increased breadth in the CAP256-VRC26 lineage (C) Autologous neutralization of MRCA pseudotyped virus by titrated amounts of WT and mutant PCT64 mAbs. PCT64-LMCA (top) and PCT64-13C (bottom) heavy chain mutants paired with PCT64-infGL WT, PCT64-infGL-CDRL3 mutant(+SAR) or PCT64-13C light chains. (D) Top and side views of negative-stain EM 3D reconstructions (see Figure S7C ) of PC64 unliganded (left) or PGV04-bound (right) SOSIPs produced in 293-F cells. Atomic models of BG505 (gp120 in blue, gp41 in yellow: PBD 5CEZ) in complex with PGV04 (red) (PDB: 3J5M) and with Fabs removed were docked into EM density maps. (E) Cryo-EM reconstruction of PC64-M4c054 SOSIP with autologous PCT64-13C Fab. Side and top view of the EM density map showing PCT64-13C Fab bound to the V1/V2 apex. The final resolution is $13Å ( Figure S7D ). (F) BLI curves of indicated antibodies immobilized on anti-human IgG Fc sensors and indicated PC64 SOSIP trimers (1 mM) in solution as analytes. PC64 SOSIP trimers were produced in the presence of furin in 293F (top panels; normal glycan processing), or 293S (bottom panels; GnTI À/À with no hybrid/complex glycan processing leading to enrichment in Man 5 GlcNAc glycans). Data are representative of at least two independent experiments. See also Figure S7 . , did not occur in PC64. Instead, 166K corresponded to full neutralization escape for all PC64 mAbs, suggesting that no somatic variant that bound to this Env mutant with sufficient affinity could be selected, terminating the lineage. The continued evolution of the epitope following full escape from the lineage suggests either compensatory mutations to restore fitness, or pressure from another V2-targeting lineage. Overall, the data suggest that minor variations at a few crucial sites drive selection of Abs toward breadth; subtle sequential changes in the epitope might allow the continuous sampling and selection of B cells bearing Abs with sufficient affinity for successive Env mutants, eventually leading to emergence of bnAbs. In contrast, more substantial changes might prevent the Ab lineage from bridging the affinity gap, leading to dead-end branches and eventually terminating further lineage evolution.
In conclusion, our results highlight the importance of Env glycoforms in activating V2-apex germline B cells, and demonstrate common viral escape pathways driving the selection of bnAbs. This is encouraging for the rational design of sequential immunogens aimed at inducing V2 apex bnAbs through vaccination.
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Detailed methods are provided in the online version of this paper and include the following: ., B.M., B.B., S.M., K.R., Z.T.B., A.B USA) and all of the Protocol C project team members for all of the support provided for this study. Finally, we thank Melissa Simek, Laura Sharpe and Brendan McAtarsney and John Brennan for coordinating the samples transfers and shipments, and Sam Jauregui and Kay Limoli at Monogram Biosciences for their contributions to this study. Donor PC064 was enrolled in the Protocol C longitudinal primary infection cohort approximately 2 weeks after infection by a subtype A1 HIV-1 virus, and was identified as one of the seven elite neutralizers (neutralizing up to 64% of viruses) on a medium virus panel (N = 37, GeoMean ID 50 = 390). The neutralizing activity was first detected in the plasma after 1.5 year of infection (18 months) and steadily increased to reach a plateau at 2 years (24 months), neutralizing 62% of viruses of a large (N = 103, GeoMean ID 50 = 490) cross clade pseudotyped virus panels (Seaman et al., 2010) . The plasma broadly neutralizing activity was mapped to a V2-apex quaternary epitope similar to that of PG9, as it was dependent on the presence of the N160-glycan, was sensitive to virus produced in presence of kifunensine, and was not depleted by absorption with rgp120 monomers .
Cell Lines
Human embryonic kidney (HEK)-derived 293T, HEK293S N-acetylglucosaminyltransferase I-negative (GnTI-), and HeLa-derived TZM-bl cells were maintained in complete Dulbecco's Modified Eagle Medium (herein referred to as cDMEM) containing highglucose Dulbecco's Modified Eagle Medium (DMEM, Thermo Fisher), 1X Penicillin-Streptomycin (Pen Strep, Thermo Fisher) and 10% fetal bovine serum (FBS, Gemini Bio Products) at 37 C and 5% CO 2 . FreeStyle 293F cells (Thermo Fisher) were maintained in Freestyle 293 Expression Medium at 37 C and 10% CO 2 with shaking at 120 RPM.
METHODS DETAILS

Isolation of PCT64 Monoclonal Antibodies
The method for isolating human monoclonal antibodies from memory B cells in circulation has previously been described . Surface IgG1 + B cells seeded at near-clonal density in 384-well microplates were activated in short-term culture. Memory B cell supernatants from week 55, 80, 102, 128, 153, 200 samples were screened at Monogram Biosciences in a microneutralization assays using single round of replication pseudoviruses. This assay was based on the 96-well pseudotyped HIV-1 neutralization assay and was modified for screening 15 mL of B cell culture supernatants in a 384-well format. Briefly, pseudoviruses capable of a single round of infection were produced by co-transfection of HEK293 cells with a subgenomic plasmid, pHIV-1lucDu3, that incorporates a firefly luciferase indicator gene and a second plasmid, PC0XAS that expressed HIV-1 Env clones. Following transfection, pseudoviruses were harvested and used to infect U87 cell lines expressing CD4 plus the CCR5 and CXCR4 coreceptors. Virus infectivity was determined 72h after inoculation by measuring amount of luciferase activity.
Memory B cell supernatants from the week 80, 102, 128, 153, 200 samples were screened for N160K-sensitive neutralizing activity against 92TH021 and JR-CSF pseudoviruses. To identify earlier bnAb precursors, we tested the culture supernatants derived from the week 55 sample for early versus late autologous neutralization (PC64-M03c001 and PC64-M07c032).
Heavy-and light-chain variable regions were isolated from B cell lysates of selected neutralizing hits by reverse transcription from RNA followed by multiplex PCR amplification using family-specific V-gene primer sets. Amplicons from each lysate were uniquely tagged with multiplex identifier (MID) sequences and 454 sequencing regions (Roche). A normalized pooling of gamma, kappa and lambda chains was performed based on agarose gel image quantitation and the pool was analyzed by 454 Titanium sequencing. Consensus sequences of the VH and VL chains were generated using the Amplicon Variant Analyzer (Roche) and assigned to specific B cell culture wells by decoding the MID tags. Selected VH and VL chains were cloned using the Seamless Cloning and Assembly Enzyme mix (Life Technologies) in expression vectors with the appropriate IgG1, Ig kappa or Ig lambda constant domains. Monoclonal antibodies were reconstituted by transient transfection in HEK293F cells followed by purification from serum-free culture supernatants (see below).
Memory B Cell Repertoire Next-Generation Sequencing and Computational Analysis
Library Preparation and Sequencing RNA was prepared (RNEasy kit, QIAGEN) from total PBMCs and was subjected to reverse transcription using barcoding primers that contain unique Ab identifiers as previously described (Briney et al., 2016a) .The cDNA was then amplified using a mix of gene specific primers. Illumina sequencing adapters and sample-specific indexes were added during a second round of PCR using 1mL of purified PCR product in 100mL of total reaction volume and using the following thermal cycling program: 94C for 5 minutes; 10 cycles of 94C for 30 s, 55C for 30 s, 72C for 2 minutes; 72C for 7 minutes. Indexed PCR products were purified using 75mL of SPRIselect beads (Beckman Coulter) and eluted in 50mL of water. Samples were quantified using fluorometry (Qubit; Life Technologies), pooled at approximately equimolar concentrations and the sample pool was requantified. Samples were loaded onto an Illumina MiSeq sequencer with a target loading concentration of 40pM and 10% PhiX and sequenced (MiSeq 600-base v3 reagent kit; Illumina).
Initial Sequence Analysis and UAID Processing
Paired-end MiSeq reads were merged with PANDAseq (Masella et al., 2012) . Germline assignment, junction identification, and other basic antibody information was determined using AbStar (www.github.com/briney/abstar), an antibody analysis package that uses BLASTn and Smith-Waterman alignment to calculate the most likely GL genes, identify the junctional region, and annotate SHMinduced substitutions and indels (www.github.com/briney/abstar). As part of the AbStar analysis pipeline, non-functional antibody sequences and other sequencing artifacts were removed and frameshift indels were corrected. Additionally, the AbStar was run with the UAID option set to 20 nucleotides (-u 20) , which parses UAIDs from each sequence and populates the appropriate field in the JSON output. Output was stored in a MongoDB database for querying and further analysis. Antibody sequences were then binned by UAID, and all bins containing only a single sequence were discarded. For each bin containing two or more sequences, the appropriate germline variable gene region was added to the bin to serve as a consensus tiebreaker. Consensus sequences were calculated for each UID bin, re-processed with AbStar and stored in a separate MongoDB database. Clonal Lineage Assignment Sequences were assigned to clonal lineages using Clonify, a software package specifically developed for antibody lineage assignment (Briney et al., 2016a) . Briefly, Clonify uses an antibody-specific distance metric, which incorporates length-normalized CDR3 edit distance, variable and joining gene use, and shared somatic mutations to determine the likelihood of clonal relatedness between each pair of antibody sequences. Following lineage assignment, the PCT64 lineage was identified by calculating the identity of each sequence isolated from PC64 to a panel of PCT64 mAb sequences. The identified PCT64 NGS lineage was the only lineage containing sequences with high amino-acid identity (> 95%) to any of the isolated PCT64 mAb sequences. Phylogenetic Analysis of the PCT64 Lineage PCT64 lineage sequences were clustered at 97.5% identity with USEARCH (Edgar, 2010) and the size of each cluster was recorded. Cluster centroids were used to generate a multiple sequence alignment with MAFFT (Katoh et al., 2005 ) and a tree file was calculated with FastTree using default settings (Price et al., 2010) . The phylogenetic tree was drawn in Python using the ETE Toolkit (Huerta-Cepas et al., 2010) .
PCT64 Antibody Expression and Purification
Antibodies and Fab fragments were produced with plasmids encoding full-length or truncated HC (after constant region 1, C H 1) and full-length LC. For large-scale production, HC constructs and LC were transiently expressed with the FreeStyle 293 Expression System (Invitrogen). Supernatant was collected after 4 days of culture and whole IgGs were purified with Protein A Sepharose (GE Healthcare) while Fabs were purified with CaptureSelect LC-kappa (Hu) Affinity Matrix (Life technologies). Fabs were then further purified using the AKTA pure FPLC system with a Mono S 10/100 GL cation exchange column followed by size exclusion with the HiLoad 16/600 Superdex 200 pg column (GE Healthcare Life Sciences). Purified protein purity and integrity checked by SDS-PAGE.
Fab Crystallization, Data Collection, Structure Determination and Refinement
For crystallization, the Fab of PC64-35B was co-expressed with protein-tyrosine sulfotransferase 1 (TPST1) in FreeStyle HEK293F cells (Invitrogen) to encourage sulfation of sulfation-prone tyrosine residues. The Fab was purified by affinity chromatography (human anti-Kappa) followed by cation exchange chromatography and size exclusion chromatography. Ion-exchange chromatography of PCT64-35B Fab revealed a single peak, which, upon ESI-MS analysis as described previously (Pejchal et al., 2010) , reflected a majority population with a molecular weight of 49,377 Da, and a minority population with a mass of 49,296 Da. The difference of 81 Da (the theoretical mass of a sulfate group is 80 Da) supports the presence of at least one sulfotyrosine in the majority of the population ( Figure S3E ). This same pattern is found when the PCT64-35B Fab was produced in the absence of TPST1, suggesting a high level of endogenous sulfation of the relevant tyrosine. The residual difference between Fab in the minority population and the theoretical mass of the Fab fragment ($245 Da) is likely due to incomplete cleavage of the signal peptide sequence.
Crystallization trials with the protein at 8 mg/ml in 20mM Tris, 150mM NaCl, pH 8.0 (100nL protein with 100nL reservoir solution) were set up on our IAVI/JCSG/TSRI high-throughput robotic CrystalMation system (Rigaku). Crystals were obtained in sitting drops with 0.2M ammonium sulfate pH 6.0, 10% ethylene glycol and 20% PEG 3350, pH 6.0. Data were collected at the APS beamline ID-D23 and processed using HKL-2000 (Otwinowski and Minor, 1997) . The structure was solved using PHASER (McCoy et al., 2007) with PDB 1DFB as the initial search model. COOT (Emsley and Cowtan, 2004) and PHENIX (Adams et al., 2010) were used for refinement, with statistics reported in Figure S3A . Pymol (PyMOL Molecular Graphics System, Version 1.5.0.4 Schrö dinger, LLC) was used for the rendering of images. The asymmetric unit contained three Fab copies, one of which was well ordered (chains E and F), while the other two were less well resolved.
Envelope Genes Cloning and Mutagenesis
Libraries of full-length envelope genes were isolated by reverse transcription-PCR (RT-PCR) from cryopreserved longitudinal plasma samples from donor PC64. The swarm analysis protocol was described previously (Schweighardt et al., 2007) and is an application of the clonal analysis procedure developed by Monogram Biosciences (South San Francisco, CA). Briefly, the population of viral envelope genes present in the patient plasma was amplified by RT-PCR and then cloned into expression vectors. To test individual clones derived from the envelope population, the DNA was diluted and retransformed in bacteria, and individual clones were selected and screened for infectivity using the Monogram Biosciences co-receptor tropism screening assay. Pseudo-typed viruses containing cloned envelope genes were prepared from each plasma sample in HEK293 cells. Viruses from individual clones were screened for infectivity and chemokine receptor tropism in U87 cells transfected with CD4 and CCR5 or CXCR4 chemokine receptors. Ten to 12 envelopes with high infectivity were selected from each individual and evaluated for autologous neutralization by PCT64 mAbs using the microneutralization method described above (see Isolation of PCT64 monoclonal antibodies).
Full-length autologous env genes were synthesized for representative clones of each time point using GeneArtÒ gene synthesis services (Life Technologies), then cloned into pcDNA3.1 vector (Life Technologies) for pseudovirus production. Mutagenesis was performed using Quikchange site-directed mutagenesis kit (Agilent Technologies).
Full-length Env Amplification and Sequencing Library Preparation and Sequencing HIV-1 envelope genes were amplified and sequenced as described (Laird Smith et al., 2016) . Plasma was layered onto 200ml of 20 percent sterile-filtered sucrose in 2 mL screw-cap microcentrifuge tubes. Virions were pelleted through the sucrose cushion at 23,500g for 1 hr at 4 C, and the supernatant discarded. On ice, 140ml sterile phosphate-buffered saline (pH = 7.4) was applied to the remaining viral pellet and allowed to stand for 1 hr. The loosened viral pellets were then resuspended in this volume and used as input into the QIAamp Viral RNA Mini Kit (QIAGEN), which was used to extract total HIV-1 RNA according to the manufacturer's instructions. Viral RNA was eluted from the QIAmp columns in 55ml AVE buffer. An 8ml sub-aliquot of the eluted viral RNA was added directly to cDNA synthesis reactions to avoid any degradation from freeze/thaw cycles. Remaining viral RNA was aliquoted and stored at À80 C for later use.
cDNA was generated using the SuperScript III First Strand Synthesis System for RT-PCR (Thermo Fisher) using the provided oligo (dT) to prime first-strand synthesis and according to the manufacturer's protocol. Aliquots of cDNA were stored at 20 C.
HIV-1 env amplification was performed using PCR with HPLC-purified primers: Env-F: GAGCAGAAGACAGTGGCAATGA (corresponding to positions 6,207-6,228 in HXB2); and Env-R: CCACTTGCCACCCATBTTATAGCA (corresponding to positions 8,788-8,811 in HXB2). The primers (IDT) were diluted to 20pmol in 0.1 3 TE buffer before use. Each reaction consisted of 2ml HIV-1 cDNA and 48ml of Advantage 2 PCR reaction mixture (Clontech). The reaction mixture comprised 5ml 10 3 SA PCR Buffer, containing 2mM magnesium acetate, 1ml of 10 mM dNTP mix, 1ml each of Env-F and Env-R (at 20pmol), 39ml of nuclease free water, and 1ml of Advantage 2 Polymerase Mix. Reactions were heated to 95 C for 1 minute and then subjected to 35 cycles of PCR using the following parameters: 15 s denaturation at 95 C, followed by 30 s annealing at 64 C, followed by 3-min extension at 68 C. After the 35th cycle, the reactions were incubated for 10cmin at 68 C and then held at 4 C.
HIV-1 env amplicons were purified from PCR reactions using the QIAquick PCR Purification Kit (QIAGEN) as described by the manufacturer, and eluted in 30ml EB buffer (10 mM Tris, pH 8). Replicate PCR reactions for each sample were visualized and quantitated using the 2100 Bioanalyzer System with the DNA 12000 kit (Agilent Technologies), and pooled by sample, until a final mass of > 250 ng HIV-1 env amplicon was achieved. To remove any residual PCR reagents and primer dimers, the 250ng of sample was then purified with a 1 3 volume of AMPure PB beads (Pacific Biosciences) as described by the manufacturer.
SMRTbell template libraries of $2.6-kb insert size were prepared according to the manufacturer's instructions using the SMRTbell Template Prep Kit 1.0 (Pacific Biosciences). A total of 250ng of AMPure PB bead-purified HIV-1 env amplicon was added directly into the DNA damage repair step of the 10-kb Template Preparation and Sequencing (with low-input DNA) protocol. Sequencing primer annealing was performed using the recommended 20:1 primer:template ratio, whereas P5 polymerase binding was performed at a modified polymerase:template ratio of 3:1. HIV-1 env SMRTbell libraries were immobilized onto SMRT cells at a starting concentration of 10pM on chip, loading titrations were performed to achieve optimal sequencing conditions for particular samples as necessary. SMRT sequencing was performed on the PacBio RS II using the C3 sequencing kit with magnetic bead loading and 180-minute movies. Full-length Env Sequence Analysis CCS sequences were constructed using the PacBio SMRTportal software (version 2.3), which employs the Quiver algorithm, and .fastq files were used for downstream analysis. The Full-Length Envelope Analysis (FLEA) pipeline (Laird Smith et al., 2016) was used to error correct these CCS reads, and cluster them into near-identical clusters, inferring High Quality Consensus Sequences (HQCSs) for each cluster. Envelope phylogenies, as well as the dynamics of amino acid frequency evolution, were inferred from these HQCSs. MAFFT v7.164b (Katoh and Standley, 2013) with manual curation, was used to create a multiple sequence alignment. Gappy regions were manually removed when reconstructing phylogenies, since their alignment is uncertain. Phylogenies were reconstructed with FastTree v2.1 (Price et al., 2010) and visualized with FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Frequency kinetic plots and similar analyses were created with custom Mathematica scripts.
Neutralization Assay
Plasma and monoclonal antibodies neutralizing activity was assessed using single round of replication in TZM-bl target cells, in absence of DEAE-dextran as described previously . Briefly, WT and mutant pseudoviruses were generated by co-transfection of HEK293T or 293-S (GnTI À/À ) cells with an Env-expressing plasmid and an Env-deficient genomic backbone plasmid (pSG3DEnv). Kifunensine-or swainsonine-treated pseudoviruses were produced by treating 293T cells with 25 mM kifunensine or 20 mM swainsonine on the day of transfection (Doores and Burton, 2010) . Plasma samples were heat-inactivated at 56 C for 45min prior to use in neutralization assays.
